Abstract: A conductive direct-write process of multilayered coils for micro electromagnetic generators is proposed. This novel approach of using silver ink to form the conductive structures largely reduces the fabrication complexity, and it provides a faster alternative to the conventional semiconductor methods. Multi-layered coils with insulation were accurately layered on a micro-machined cantilevered diaphragm by a dispenser. Coils several layers thick could be used to increase the power output and double coils were separated by a layer of insulation. Six prototypes, all capable of efficient conversion of vibrational energy into electrical energy, were fabricated. The experimental results, which include measurements of the electromotive force and power output, are presented. Prototypes with two coils and thicker conducting layers had less resistance and the power output was much more than that of a single-coil unit. This generator can produce 82 nW of power at a resonance frequency of 275 Hz under 5 g excitation.
Introduction
The miniaturization of consumer electronics and mechanical structures has been receiving a great deal of attention for a considerable time. Extensive fabrication techniques have been developed for complex structures, including gray-scale lithography, reactive ion etching, LIGA (lithography, electroplating, and molding), and electron beam lithography [1] [2] [3] . Several three-dimensional (3D) fabrication techniques have been developed recently for the fabrication of conductive structures with electrical functionality, which include micro-stereolithography [4] , micro-laser-sintering [5] , inkjet printing [6, 7] , and continuous writing [8] [9] [10] . These offer dramatic advantages over typical methods in terms of low cost, large area, and a quick processing time, but still suffer from some limitations with respect to the structure and material.
Laser writing creates patterned structures through ablation or selective sintering. Lee proposed a micro-stereolithography process for the fabrication of metal microstructures that used a low-viscosity metal powder suspension sintered by a focused laser beam [4] . Regenfuss realized structural features and performed laser micro-sintering with sub-micrometer grained metal powders, where the challenge was the high temperature and porosity [5] . These techniques often require expensive equipment or costly photopolymers.
Lower-cost inkjet printing for the creation of functional 3D structures of material with specific electrical properties, layer by layer, have also been extensively studied. Fuller additively built electrical circuitry by inkjet printing using nanoparticle metal colloids which were then sintered at 300 • C [6] . Kullmann used piezoelectric inkjet printing to grow micro-wires and micro-walls, selectively combined with simultaneous in situ laser annealing [7] . However, the printing performance was limited by the rough edges and the low viscosity of the material.
To achieve a good flat surface in a short time at a low cost, several direct-write processes using micro-nozzles or syringe needles have been developed in one-step processes to make continuous conducting structures. Lebel used direct-write micro-extrusion to fabricate carbon nanotube/polymer nanocomposite coils through a micro-nozzle which were then cured using UV irradiation which followed the extrusion point [8] . Lu presented a hybrid technology combined with direct-write and projection micro-stereolithography with carbon nanotubes dispersed in a photopolymer solution for 3D conductive structures [9] . Ladd demonstrated free-standing 3D microstructures patterning by extruding a low-viscosity liquid metal through a capillary [10] .
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2 . Part of the power is converted to electricity by electromagnetic transduction, and the rest is lost through the parasitic damping of the system. For maximum electrical power generation, the energy harvester is typically designed to operate at a resonance which results in large coil displacement. The average power generation can be further expressed by [14] [15] [16] ]
The power generation is therefore a function of the mass, damping ratio, natural frequency, and input displacement.
Fabrication
The fabrication processes of the proposed energy harvester are schematically shown in Figure 3 . First, a silicon-based cantilever diaphragm was fabricated using a standard microelectromechanical systems (MEMS) process. To make the coils on the 7 mm × 7 mm cantilevers, conductive ink was extruded from a nozzle over a helical path to form the first coil (one to three layers) which was then cured at 150 • C for 30 min. Insulating material was then extruded evenly over the top of the first coil and cured, and then more conductive ink (one to three layers) was deposited to form the second coil and a final 30 min curing at 150 • C was done. This technique gives better control over the thick metal laid down, by means of pressure, speed, and temperature, than a typical micromachining process does. Table 1 shows the detailed sizes of the fabricated generator.
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Discussion
For energy harvesting, the typical vibrational frequencies are lower than 200 Hz, yet some have higher frequencies [17] [18] [19] . According to Table 2 , the proposed structures with resonant frequencies from 218 to 475 Hz have the potential to be used in motorized equipment, such as transformers, refrigerators, car engines, etc. [17] [18] [19] . To further reduce the resonant frequency, possible methods are adding proof mass on the cantilever, modifying the coil structure, or making the cantilever thinner. Conventional semiconductor processes use sputtering, electroplating, laser micromachining, or E-beam evaporating [20] [21] [22] [23] [24] [25] [26] [27] to make conductive coils. In this work, we used a conductive direct-write method with silver ink to fabricate the conductive structures. This method provides a faster or cheaper alternative to the conventional methods. Table 3 shows the comparison of different 
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For energy harvesting, the typical vibrational frequencies are lower than 200 Hz, yet some have higher frequencies [17] [18] [19] . According to Table 2 , the proposed structures with resonant frequencies from 218 to 475 Hz have the potential to be used in motorized equipment, such as transformers, refrigerators, car engines, etc. [17] [18] [19] . To further reduce the resonant frequency, possible methods are adding proof mass on the cantilever, modifying the coil structure, or making the cantilever thinner. [19] Conventional semiconductor processes use sputtering, electroplating, laser micromachining, or E-beam evaporating [20] [21] [22] [23] [24] [25] [26] [27] to make conductive coils. In this work, we used a conductive direct-write method with silver ink to fabricate the conductive structures. This method provides a faster or cheaper alternative to the conventional methods. Table 3 shows the comparison of different fabrication methods for making the conductive coils of the energy harvesters, and the output power of the proposed method is acceptable.
